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Detection and source location of volcanic tremor and earthquakes enable us to better understand the 
physical processes inside a volcano. Volcanic tremor and earthquakes are seismic events that are associated 
with the movements and pressurization of magma and volcanic gas within the volcanic edifice. 
Volcano-tectonic earthquakes (VTs), which are generated by fault motions, are well detected and located easily 
because of their clear onsets of P and S waves. The other events such as volcanic tremors and low-frequency 
events are often not detected or accurately located because of unclear arrivals of P and S waves and great 
variations in the amplitudes and durations of the waveforms. Previous studies have proposed alternative 
methods such as amplitude source location method using the spatial distribution of seismic amplitudes, but 
they generally require a considerable amount of initial information. Recently, the cross-correlation analyses 
have been used for locating and detecting volcanic tremors. The analyses retrieve, without initial information, 
the similarity of seismic signals at station pairs which contain information about the coherency and relative 
travel time that can be used for detection and location. However, previous studies applied those seismic 
correlation-based methods in a sparse seismic network over a large area or using a network with a high 
number of seismic stations. Also, the source locations were often determined in 2-D, so that the depth of 
seismic events is not located, which is one of the most important information to capture magma migration 
from the depths.  
In the present study, therefore, we improve the method for monitoring seismic signals at active 
volcanoes where several seismic stations are deployed around the active craters and on the flanks. Also, we 
extend the method to locate the source in 3-D by taking into account a three-dimensional velocity structure. 
Previous studies applied the correlation-based method to volcanic tremors observed at active volcanoes, but no 
evaluation was done for the accuracy of the source location because of unknown real locations. To overcome 
such ambiguity, the present study estimates the errors of source location by analyzing VTs that are well 
located. We then apply the improved location method to real volcanic tremors and track the changes in the 
source locations with time. However, it is difficult to evaluate the reliability of the source location and 
quantitatively distinguish the source locations of tremors from noise. To address this problem, we perform 
detection by using methods that measure signal coherency evaluated from seismic cross-correlation analyses. 
While the detections methods are able to pick up coherent signals coming from volcanic tremors and 
earthquakes, the present study also uses the detection results to evaluate the reliability of the source location. 
To discriminate the detection and source location that might correspond to different types of seismic events, 
we extend the detection method by developing a classification method based on the characteristics of the 
detection for each type of event. 
In Chapter 2, we develop a method called the cross-correlation function-based source scanning 
algorithm (CCF-based SSA) to obtain the 3-D location of volcanic tremors and earthquakes in a small seismic 
network. The method computes stacked CCFs from a set of time windows to enhance the coherent part of the 
seismic signals. First, we evaluate the method using VTs observed at Izu-Oshima volcano, Japan. We perform 
analysis at 4–16 Hz, where the dominant frequencies of direct S-wave are present. The estimated locations are 
well-matched with the hypocenters determined from the onsets of P and S waves. The misfits between them 
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are 2 km or less for the VTs occurring inside the network coverage. Secondly, we simulate tremors by 
superimposing plural VTs to test the applicability of CCF-based SSA method to locate volcanic tremor. The 
sources of simulated tremor are located by calculating CCFs using 10 s time windows with a 90% overlap. The 
location errors are estimated to be 1 km or less for the data length of 2 min. Higher location accuracy is 
achieved when pseudo-sources (i.e., VTs) are set in a smaller source region and/or when we use longer data. 
The advantage of the CCF-based SSA is that the obtained location depends only on the seismic velocity model. 
Evaluation using VTs and simulated tremors suggest that the CCF-based SSA can be applied to real volcanic 
tremors and used to monitor changes in the source locations. The location errors of the CCF-based SSA are 
slightly larger than those from the amplitude source location method, but location offsets, which is computed 
as the average of the misfits, are found to be smaller. 
In Chapter 3, we apply the CCF-based SSA to real volcanic tremors observed at Sakurajima volcano, 
Japan, by a network consisting of six seismic stations. The analysis is performed at 1–4 Hz, which is the 
frequency band where volcanic tremors are dominant. We track the source locations every 10 min by 
computing the CCFs using 20 s subwindows with 75% overlap and stacked them over a 10 min window. We 
analyze volcanic tremor episodes occurring on May 6–8, May 11–12, June 2–5, and August 22–25, 2017. 
Volcanic tremor sources are located under the active craters from the ground surface to 6 km depth, although 
the source locations are widely distributed under the active craters when the signal-to-noise ratio of the 
observed waveforms is low. The vertical extension of the source from 0 to 6 km is confirmed by the fact that the 
peaks of CCFs approach zero lag times as the estimated source becomes deeper. Because of the seismic station 
coverage, the maximum depth of source location that we can estimate is less than 7 km depth. 
In Chapter 4, we perform the detection of volcanic tremors and B-type earthquakes, a type of volcanic 
earthquakes that is dominant at 1–5 Hz, at Sakurajima volcano using seismic correlation-based methods. The 
single-station correlation coefficient method and the network covariance matrix analysis are applied to six 
months of seismic records. The computed correlation coefficient and spectral width at 1–4 Hz, which are the 
measures of signal coherency, are used to detect volcanic tremors and B-type earthquakes by using an 
averaging window length of 10 minutes. Consistent with the seismic activity reported by Japan Meteorological 
Agency (JMA), we detect volcanic tremors that mainly occurred during May–June and August–September 
2017. Volcanic earthquakes and short-duration tremors are better detected with the network covariance 
matrix analysis. For both detection methods, using shorter time windows are better to detect short-duration 
events, but longer windows improve the detection stability. We extract the characteristics of the detected 
volcanic tremors and B-type earthquakes during April–July 2017 based on JMA catalog, and develop a method 
using spectral width with weight functions for classifying volcanic tremors and B-type earthquakes during 
April–September 2017. The weight functions are prepared for each type of seismic event based on the signal 
coherency. As a result, the method is able to systematically classify volcanic tremors and B-type earthquakes.   
In Chapter 5, we discuss volcanic tremors and B-type earthquakes at Sakurajima volcano. Correlation 
coefficient and spectral width are used to evaluate reliable source locations of volcanic tremors, because 
spatially scattered source locations are obtained from the tremors with low coherency or short-duration 
signals. Reliable source locations that are showing high coherency are distributed from a depth of about 4 km 
to the ground surface beneath the active craters. The horizontal distribution of the sources in SW-NE direction 
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around the active craters is consistent with the tensile crack inferred from analyses of ground deformation in 
a previous study. We compare the results with data of tilt and infrasound, JMA catalog, and previous studies 
to understand the volcanic and eruptive processes at Sakurajima volcano, which are related to magma and gas 
movement in the volcanic conduit and/or ejection of volcanic materials during eruptive periods. Observed 
infrasound signals and stable infrasound spectra during volcanic tremor indicate that tremor activities are 
associated with eruptions, and the fluctuation of volcanic flow at the vent is the same regardless of the 
amplitudes. Seismic spectra show some changes with time which seems to be correlated with the estimated 
source depth. For example, the volcanic tremor located at 3–6 km depth before an explosive eruption shows 
wider spectral peaks around 1.25 Hz. Different seismic spectra may correspond with different generation 
depth or source mechanism of volcanic tremors.  
We also show that not only volcano-seismic events, but also meteorological effects such as precipitation 
and typhoons are recognized in the temporal changes of the results obtained by cross-correlation based 
method. 
In this thesis, we introduced a method for the detection and location of volcanic tremors and 
earthquakes. In the application of volcano monitoring, the technique can be used to detect and monitor the 
changes in source locations in real-time, with no additional information other than a seismic velocity model. A 
comparison of the results with various data such as infrasound and ground deformation may provide more 
insights into the source process of volcanic tremors and/or eruption mechanisms. Therefore, our method may 
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いる。しかしながら、それらの多くは P 波や S 波が不明瞭であるため、最も基本的な情報である
発生位置を精度よく決定することが困難であった。本論文は、火山体周辺に展開されている観測
点の地震波データをもとに、火山性地震や微動の検知と震源決定を行う新しい方法を開発すると
ともに、桜島のデータに適用した。 
 ある震動源がある場合、2 観測点で記録される地震波形の相互相関の振幅は着信時差のラグタ
イムで大きくなることが期待される。これを利用した震源決定方法を開発した。震源の位置が既
知である火山構造性地震の波形記録をもとに擬似的な微動波形を作成し、開発した震源決定法を
適用した。その結果、震源の決定誤差は 1km 以下と見積もられ、火口や山麓域のマグマや熱水の
活動を議論するのに十分な精度が得られることを確認した。次に、この方法を桜島で観測された
微動に対して適用した。その結果、南岳および昭和火口の直下から深さ 6km に震源が分布するこ
とが明らかとなった。さらに、単一観測点の成分間の相互相関関数解析やネットワーク共分散行
列解析を適用し、相関係数およびスペクトル幅を利用することにより、連続地震動記録から火山
性地震や微動を検知できることを示した。また、この検知法と開発した震源決定方法を併用する
ことにより、信頼性の高い震源分布を得ることができた。求められた微動の位置は、P 波着信時
解析から先行研究により推定されている爆発地震等の震源位置とほぼ一致すること、北北東から
南南西に貫入したと考えられているダイクの走向方向に分布していることを明らかにした。さら
に、火山性微動や空気振動のスペクトル形状と震源分布を比較することにより、爆発的噴火の発
生前後など噴火活動の推移に伴って火道内部の状況が変化していることを示した。 
 以上の内容は、自立して研究活動を行うに必要な高度の研究能力と学識を有することを示して
いる。したがって，Theodorus Permana 提出の博士論文は，博士（理学）の学位論文として合格
と認める。 
